The exchange of genetic material among bacterial strains and species is recognized as an important factor determining their evolutionary, population genetic, and epidemiological features. We present a detailed analysis of nonvertical inheritance in Legionella pneumophila, a human pathogen and facultative intracellular parasite of amoebas. We have analyzed the exchange of L. pneumophila genetic material with other bacteria at three different levels: population genetics, population genomics, and phylogenomics. At the population genetics level, we have analyzed 89 clinical and environmental isolates after sequencing six coding loci and three intergenic regions for a total of 3,923 bp. In the population genomics analysis, we have studied the roles of recombination and mutation in the common portion of the genome sequence of four L. pneumophila strains. In the phylogenomic analysis, we have studied the phylogenetic origin of 1,700 genes in the L. pneumophila pangenome. For this, we have considered 12 possible phylogenetic alternatives, derived from a reference tree obtained from 104 genes from 41 species, which have been tested under a rigorous statistical framework. The results obtained agree in assigning an important role to nonvertical inheritance in shaping the composition of the L. pneumophila genome and of the genetic variation in its populations. We have found a negative correlation between phylogenetic distance and likelihood of horizontal gene transfer. Phylogenetic proximity and increased chances resulting from sharing the ecological niche provided by the amoeba host have likely had a major influence on the rate of gene exchange in Legionella.
Introduction
Legionella pneumophila is a recently emerged pathogen included in the Gamma-Proteobacteria, where it occupies a basal position according to most phylogenetic analyses (Comas et al. 2006; Wu and Eisen 2008; Gao et al. 2009; Gómez-Valero et al. 2009 ). It was first associated to an infectious outbreak of legionellosis, a potentially fatal form of pneumonia, in 1976 (Fraser et al. 1977; McDade et al. 1977) , and to a milder form of infection known as Pontiac fever. Since its discovery, a large number of outbreaks and community-acquired infections with L. pneumophila have been reported all over the world, mainly associated to manmade water-holding installations from where the bacteria are disseminated by aerosols. These bacteria naturally inhabit water environments (Fliermans et al. 1981) , and they are often found as components of biofilms (Rogers et al. 1994) . Additionally, Legionella have developed the ability to infect different amoeba species (Rowbotham 1980; Fields 1996) in whose cytoplasm they complete part of their life cycle after preventing the full development of phagosomes by the infected cells.
Legionella are not the only bacteria infecting amoebas, which host in their cytoplasm a number of bacterial species with different forms and degrees of symbiotic association (Horn and Wagner 2004) . There are reports of simultaneous identification of two or even three different bacterial species inside the same amoeba cell (Heinz et al. 2007 ). Finally, under appropriate conditions, Legionella can survive and replicate in man-made aquatic systems from where it can potentially spread by aerosols and infect humans (Fields 1996) . Legionella is able to invade, replicate, and survive in human macrophages mainly by surrounding itself by a membrane-bound vacuole that prevents its lysis by lysosomes (Fields et al. 2002) .
The impact of recombination on the population structure and genetic diversity of L. pneumophila is controversial. The population structure of L. pneumophila was initially defined as clonal due to high linkage disequilibrium between allozyme markers and the presence of clonal complexes with a global distribution (Selander et al. 1985) . Although several studies have provided some evidence for recombination (Ko et al. 2002 (Ko et al. , 2003 Coscollá and González-Candelas 2007) and horizontal gene transfer (HGT) de Felipe et al. 2005) , Edwards et al. (2008) still sustained that frequent recombination does not play a major role in the diversification of this species.
A clonal view of bacterial population structure became popular at the beginning of the 1980s when the analysis of bacteria samples by pulse-field gel electrophoresis (PFGE) showed that very few types dominated global strains collections (Levin 1981; Selander et al. 1986) . A periodic selection model (Atwood et al. 1951) seemed to fit PFGE data, with bacterial populations showing a constant turnover of the most frequent type coupled to the emergence of a new fitter variant. The periodic selection model assumes that bacterial populations are mainly asexual with very little genetic exchange among their members, with the notable exception of the spread of drug resistance. However, a landmark article by Maynard Smith et al. (1993) showed how bacterial populations present a range of recombination rates from almost fully asexual to highly recombinogenic species. In the last decade, a number of schemes have been developed for the typing of bacterial pathogens, mostly through the sequencing of a few genes, resulting in multilocus sequence typing (MLST) (Maiden et al. 1998; Enright and Spratt 1999) . The analysis of the publicly accessible databases corroborated the early findings by Maynard Smith et al. (1993) and acknowledged homologous recombination as an important force shaping bacterial population diversity (Vos and Didelot 2009; Didelot and Maiden 2010) . Although intraspecies homologous recombination decreases with increasing sequence divergence (Shen and Huang 1986) , interphylum transfer of DNA occurs by different processes, leading to HGTs (Lawrence and Retchless 2009) .
One of the main outcomes of the genome-sequencing revolution since the late 1990s is the recognition that HGT and gene loss in bacterial genomes are much more frequent than previously thought when only single-gene information was available (Ochman et al. 2000; Dagan and Martin 2007) . Strains of the same bacterial species differ not only in the sequence of their genes but also, and often substantially, in the contents of their genes (Tettelin et al. 2005) . Despite this, the extent of HGT between bacterial genomes and its consequences, both taxonomically and biologically, are hotly debated issues (Bapteste et al. 2009 ). However, it is clear that HGT has contributed to the success of many bacterial pathogens (Lawrence 2005) , although it remains unclear how many of the observed imported genes are truly adaptive and how many have become fixed by random drift (Marri et al. 2007 ).
Given our interest in understanding the population structure and evolution of L. pneumophila, we have analyzed the relevance of genetic exchange in this species at three different levels. First, we have used clinical and environmental isolates from the Comunitat Valenciana region (Spain) to evaluate the extent of genetic recombination at the population level. Second, we have used the genome sequences of four available L. pneumophila strains to evaluate the extent of recombination at the genomic level using isolates from different geographic regions (one American, two French, and one English strain). Finally, we have identified, by phylogenetic analyses, the most likely origin of each gene in the L. pneumophila pangenome considering as most likely donors other bacterial species that share the same intracellular niche with Legionella.
All these analyses concur in assigning a relevant role to nonvertical inheritance in the evolution and population structure of Legionella, and we will argue that the ecological and genetic conditions that currently facilitate genetic exchange among Legionella strains have likely been operating along a substantial fraction of the evolutionary history of this species. To our knowledge, this is one of the first evaluations at these three levels of the origin and amount of nonvertical inheritance in a bacterial pathogen.
Materials and Methods

Population Level Analyses
Isolates and DNA Extraction Forty-seven isolates of L. pneumophila were obtained from different human-related environments from which the bacterium is usually spread such as cooling towers, airconditioning trays, etc. (more details can be found in supplementary table S1, Supplementary Material online). DNA extraction and serogroup assignment were performed as described (Coscollá and González-Candelas 2007) . Forty-two clinical samples were also analyzed including DNA from cultured respiratory samples, which was extracted as described (Coscollá and González-Candelas 2007) and directly from respiratory isolates. DNA was extracted with UltraClean BloodSpin Kit (Mobio Laboratories, Inc.) and stored at -20°C. See supplementary table S1, Supplementary Material online, for a detailed list of the isolates analyzed.
Polymerase Chain Reaction Amplification and DNA Sequencing A seminested approach was used to amplify DNA extracted from respiratory samples. Primers for the six protein-coding genes were described in Gaia et al. (2005) and for the three intergenic regions in Coscollá and González-Candelas (2007) . Polymerase chain reaction products were purified using High Pure PCR Product Purification Kit (Roche Diagnostics). Purified DNA was directly sequenced by the dideoxy method using BigDye Terminator v3.0 Ready Reaction Cycle Sequencing Kit and analyzed in an ABI PRISM 3700 sequencer (Applied Biosystems).
Sequence Analysis of Population Genetic Data
Multiple sequence alignments were obtained using ClustalX (Thompson et al. 1997 ) and refined by visual inspection. For each individual locus and for the concatenated alignment of the nine loci, maximum likelihood (ML) phylogenetic trees were obtained with PHYML 2.4.4 (Guindon and Gascuel 2003) using the most appropriate model of nucleotide substitution for each genome region as determined with the ML approach implemented Coscollá et al. · doi:10.1093/molbev/msq278 MBE in Modeltest v3.7 (Posada and Crandall 1998) . Likelihood scores for each model were estimated in PAUP*4.0b10 (Swofford 2002) , and the best model was determined by using the Akaike Information Criterion (Akaike 1974) . Support for the nodes was evaluated by bootstrapping with 1,000 pseudoreplicates.
Recombination in the Population Data Set RDP3 (Martin et al. 2005 ) was used to infer recombination in 89 clinical and environmental samples by analyzing the concatenated multiple alignment of unique haplotypes in the data set. Six methods were employed: two phylogenetic methods, which infer recombination when different parts of the genome result in discordant topologies, RDP, and Bootscan/Recscan (Salminen et al. 1995; Martin and Rybicki 2000) , and four nucleotide substitution methods (which examine the sequences either for a significant clustering of substitutions or for a fit to an expected statistical distribution): MaxChi (Smith 1992) , Chimaera (Posada and Crandall 2001) , GeneConv (Padidam et al. 1999) , and SiScan (Gibbs et al. 2000) . We only considered recombination events that were identified by more than two methods to avoid dependence on one single methodology. Common settings for all methods were to consider sequences as circular, require phylogenetic evidence, polish breakpoints, and statistical significance was set at the P , 0.05 level, with Bonferroni's correction for multiple comparisons as implemented in RDP.
We confirmed each recombination event detected with RDP3 by comparing the ML phylogenetic tree of the region involved in recombination and those corresponding to the flanking regions. We used the expected likelihood weight (ELW) (Strimmer and Rambaut 2002) and the Shimodaira and Hasegawa (1999) tests for the reciprocal topologies and the corresponding alignments.
The population recombination rate (q) was estimated using the standard likelihood coalescent approach implemented in the LDhat package (McVean et al. 2002) within each gene region. In haploid organisms, q can be expressed as 2N e r, where N e is the inbreeding effective population size and r is the recombination rate per locus per generation. For organisms such as viruses and bacteria in which a gene-conversion model for recombination is more appropriate than a crossing-over model, r can be approximated by r % 2c t; where c is the per base rate of initiation of gene conversion and t is the average gene conversion tract length. As loci ranged from 200 to 600 bp in size, we performed analyses for different values of t: 200, 500, 750, and 1,200, and we chose the one with the highest likelihood value. The likelihood permutation test implemented in LDhat was used to test the hypothesis of no recombination (q 5 0).
We used ClonalFrame 1.1 to estimate parameters in the evolutionary process that led to the observed pattern of nucleotide variation in the 4,923 bp alignment obtained for the nine concatenated loci. Estimates of the ratio of recombination and mutation rates (q/h) and also the ratio of probabilities that a given site is altered through recombination and mutation (r/m) were obtained with this method, with two runs of 100,000 iterations including 50,000 of burn-in. Congruence of parameter estimates between both runs was evaluated according to Gelman and Rubin (1992) criteria.
Recombination versus Total Variation
We derived estimates of the relevance of recombination, as compared with mutation, in the generation of genetic diversity in this sample with the following procedure. First, DnaSP 4.0 (Rozas et al. 2003 ) was used to calculate h 5 2Nu, where N is the effective population size and u is the mutation rate per nucleotide and per generation (Nei 1987 equation 10.3; Tajima 1983 equation 3) , and R 5 2Nr, where r is the recombination rate between adjacent sites (Hudson et al. 1987) . Additionally, a genetic network was obtained using the median-joining method (Bandelt et al. 1999) , implemented in Networks 4.2.0.1, to estimate the number of nucleotide substitutions between nodes. By mapping the inferred recombination events onto the median network, we estimated which changes had likely resulted from mutations and which from recombination events. For this, we compared the observed number of changes in each segment in the network and for each locus with the number of expected substitutions, assuming that these followed a Poisson distribution whose rate depended on the branch length and the locus diversity. The significance level was fixed at 0.05, and Bonferroni's correction was used to account for multiple simultaneous testing. We considered that significant deviations, both in excess and in defect, from the expected number of mutational changes between nodes might be the result of recombination. These results were compared with those of RDP and phylogenetic incongruence analyses, and we only considered those confirmed by at least one of these other methodologies. Hence, we considered branches in which we found more or less nucleotide changes than expected, and these were used as an estimate of the proportion of changes due to recombination compared with the total variation in this data set.
Population Genomic Analyses
Genome Alignment of the Legionella Genomes The complete genome sequences of four L. pneumophila strains available in GenBank on June 2008 were downloaded. A whole-genome alignment was obtained with MAUVE version 2.0 (Darling et al. 2004 ). The resulting set of locally collinear blocks was concatenated, using the genome order in L. pneumophila str. Philadelphia, to derive the Legionella syntenic genome. Coding regions in this syntenic genome were annotated using the L. pneumophila str. Philadelphia as a reference. Positions with gaps were trimmed to remove noise from the ensuing evolutionary analyses.
Incidence of Recombination Along the Legionella Syntenic Genome
We looked for evidence of recombination along the syntenic genome. Each syntenic block obtained from the Nonvertical Inheritance in Legionella pneumophila · doi:10.1093/molbev/msq278 MBE genome alignment was analyzed using RDP3 (Martin et al. 2005) as explained above. However, given the small number of taxa included in this analysis (only four strains), we discarded recombination events inferred only with methods based on phylogenetic analysis but we maintained the requirement of detection with at least two different methods to consider a recombination event. This allowed us to obtain a reliable set of recombination events affecting the genomes of Legionella and to map them on the syntenic genome. We normalized the number of recombination events per block to the number of recombination events detected every 10 kb in order to compare this estimate with the variation of nucleotide diversity along the syntenic genome. A sliding-window analysis (window size 5 10 kb, step size 5 500 bp) of nucleotide diversity was obtained using VariScan (Vilella et al. 2005) .
We also used ClonalFame 1.1 ) to obtain estimates of the ratios of recombination and mutation rates (q/h) and of the probabilities that a given site is altered through recombination or mutation (r/m) with the same parameters described above.
Phylogenomic Analyses
Determination of the Legionella Pangenome Orthology relationships among the genes in the four Legionella genomes were determined with OrthoMCL (Li et al. 2003) . Using this program, we performed an all-against-all Blast search using the amino acid sequences and a cutoff with E value 5 1.0 Â 10 À5 . Reciprocal best hits found were classified into putative orthologs or recent paralogs when the best hit of a protein was found in the same genome. Next, a similarity matrix was generated by normalizing the P values' matrix between all reciprocal best hits, which was then analyzed by means of a Markov Cluster algorithm (MCL) in order to delimit clusters of orthologs/paralogs.
Phylogenetic Origin of the Legionella Pangenome
We looked for putative orthologs of all the genes in the L. pneumophila pangenome in 37 additional bacterial genomes (table 4) . These genomes were selected on the basis of two criteria. First, we selected complete genomes from bacterial groups known to share the same intracellular niche of amoebas as L. pneumophila (supplementary table S4, Supplementary Material online). If the genome of the reported species was not available, we selected the closest related genome sequenced. Second, we selected some additional genomes for underrepresented bacterial families after the selection of these ecological partners. We looked for those genes of the Legionella pangenome putatively present in this set of 37 genomes using BLASTP with an ''Expected score'' ,1.0 Â 10 À10 . Multiple alignments for each set of putative orthologous genes were obtained from the derived amino acid sequences using ClustalW (Thompson et al. 1994) . Ambiguous homologous positions and those including gaps were removed using Gblocks 0.91 (Castresana 2000) with default parameters. The 104 multiple alignments from the shared homologous genes of the 41 species considered in the analysis were concatenated to yield a supermatrix (38,697 amino acids). This was analyzed by ML using PHYML in order to derive a reference tree. We used the JTT model (Jones et al. 1992 ) of evolution with estimated proportion of invariants (I) and rate heterogeneity approximated by a discrete-gamma distribution using eight categories (G). The resulting topology was used to test alternative phylogenetic origins for each gene in the Legionella pangenome.
For this, we considered alternative positions of the monophyletic group of Legionella sequences in ten groups defined in the reference tree by monophyletic clusters, occasionally including more than one taxonomic group, as indicated in figure 5. These and two additional phylogenies (supplementary fig 1, Supplementary Material online), one corresponding to a fully unresolved tree and the other with only the tip clades resolved, were used to determine the most likely origin and to test the phylogenetic signal of each gene.
To ascertain the origin of a gene and to assign it to 1 of the 12 alternative topologies, we checked the congruence between two different tests for phylogenetic topologies. We applied the ELW (Strimmer and Rambaut 2002) and the Shimodaira and Hasegawa (1999) tests of competing phylogenetic hypotheses to each multiple alignment considering the 12 alternative topologies described. We restricted our analyses of competing phylogenetic hypotheses to those genes that simultaneously presented no duplicates in the Legionella pangenome and were present in at least eight genomes of the previously defined set. Only those genes for which the best topologies for both tests were coincident were considered to correspond to fully resolved cases. A summary of the workflow used in this procedure is presented in table 1.
The average 16S rDNA nucleotide distance from the species in each group to the Legionella strains was calculated to test the correlation between the number of inferred HGT events and phylogenetic distance. The 16S rDNA sequences were obtained from the GreenGenes and NCBI databases. Nucleotide distances were obtained after alignment with ClustalW and complete deletion of sites with gaps using the composite ML distance implemented in MEGA (Tamura et al. 2007) . Correlation between number of HGT events and phylogenetic distance was obtained using STATA (Stata Statistical Software: Release 10. College Station, TX: StataCorp LP).
We used a chi-square to test for differences in the distribution of HGT events (excluding those genes with a Gamma-Proteobacterial origin) in functional categories with respect to the pangenome. We removed in both cases all the genes annotated with more than one category (HGT data set, n 5 170 removed, pangenome data set, n 5 1891). For the test, individual categories were grouped into four main categories (cellular processes, information storage and processing, metabolism, and poorly characterized) following COG classification to avoid underrepresented categories in the HGT data set that could affect the results of the test. Coscollá et al. · doi:10.1093/molbev/msq278 
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Results
MLST Analysis of L. pneumophila Clonality
To ascertain the level of clonality in a bacterial population, it is necessary to characterize the number and location of recombinant fragments in the genome and the relative contribution of recombination to the overall population genetic diversity. In order to detect the footprints of recombination in the MLST data set, we used three approximations: phylogenetic incongruence, the consensus of several tests implemented in RDP, and detection of regions where the number of nucleotide changes deviates significantly from random mutation expectations.
The phylogenetic incongruence approach requires a reference tree for the complete data set and an individual tree for each locus analyzed. An ML reference tree was obtained ( fig. 1 ) from the concatenated alignment of the nucleotide sequences for nine loci in 89 L. pneumophila samples of clinical and environmental origins from the Comunidad Valenciana region (Spain) (supplementary table S1, Supplementary Material online). The multiple alignment spanned 3,923 bp and included 497 variable positions. ML trees were also obtained for each separate locus (available upon request). Both the reference and the single gene trees revealed that one sample (isolate 366) was clearly different from the other isolates studied. Its average nucleotide divergence with respect to the remaining isolates was 0.0651 (range 0.0552-0.0689), whereas the average value among the other isolates was 0.0085 (0.00-0.0162). Consequently, the ensuing analyses were performed excluding this isolate in order to minimize possible distorting effects of this outlier, especially in genetic variability estimates. Nevertheless, the same analyses (some of which will be detailed below) were carried out including the isolate to corroborate that we were not missing important information.
To investigate the topological congruence among all trees, we used Shimodaira-Hasegawa (SH) and ELW tests. These resulted in all single-gene alignments rejecting the trees obtained from every other locus with both tests (table 2) . Furthermore, the tree derived after concatenation of the sequences for the nine loci was also rejected by the ELW test with the nine individual alignments, whereas L2 and mip also rejected it with the SH test. This suggests that no pair of loci in this set share the same phylogenetic history in this population sample, that is, there is a strong indication that recombination is widespread in this sample.
We proceeded to explore recombination in more detail by using six different methods implemented in RDP with the 37 different haplotypes obtained after concatenation of the nine loci. Seventeen recombination events were identified by at least two of the six methods in RDP (Table 3 ). All the events mapped to the bordering regions between loci, which are between 50,077 and 746,767 bp apart in the reference L. pneumophila Philadelphia genome. Hence, no cases of intragenic recombination were detected with this approach. All loci except mompS were included in at least one recombination event involving from 1 (asd) up to 16 haplotypes (pilE). Five independent recombination events were detected in locus L2. Only eight haplotypes, which correspond to 25 of the 89 samples studied, were not involved in any recombination event (table 3) .
Finally, a median-joining network was obtained to estimate the number of mutations inferred to have occurred in each branch and to infer recombination events by comparing them with the expected number deduced from the levels of variation in the corresponding locus and haplotype ( fig. 2) . Gaps in the alignment were considered as an additional character state to construct the network, but they were not taken into account when estimating the number of nucleotide substitutions between nodes in the network. We evaluated the contribution of recombination to genetic variation in these samples by comparing the expected and observed numbers of nucleotide substitutions between isolates in the median-joining network for each locus. Of the 838 nucleotide differences observed, 195 (23.27%) could be explained by a recombination event (34% when isolate 366 was removed). This figure is likely an underestimate of the actual number of changes due to recombination as events detected by other methods but not by the network analysis was not considered.
A comparison of the recombination events inferred with the three different methodologies described above (phylogenetic incongruence, RDP, and deviation from expected variation in the median-joining network) is shown in table 3. Most recombination events (11/17) were detected by the three methods, five were detected by two methods, and only one event, in locus proA, was detected by RDP but not by the two other methods. 1. Infer the Legionella pneumophila pangenome by comparing the genes in the four completely sequenced strains. 2. Identify the complete genomes of other intracellular parasites of amoebas, or their closest relatives, as well as representative genomes of additional bacterial phyla. 3. Search for orthologous genes in the data set derived in step 2 for each gene in the pangenome obtained in step 1. 4. Construct an ML reference tree with the concatenated multiple alignment of the genes derived in step 3 that were present in all the genomes after the corresponding individual alignments had been trimmed of ambiguous and gap-containing positions. 5. Construct 12 different topologies considering the 10 well-supported groups in the reference tree and 2 additional topologies used to test the phylogenetic signal for each gene (supplementary fig 1, Supplementary Material online) . 6. Obtain the multiple alignment for each gene in the pangenome with at least eight orthologs in the data set derived in step 2 using the results from step 3. Remove ambiguously aligned and gap-containing positions. 7. For each gene in step 6, perform SH and ELW tests for the 12 topologies described in step 5. When both tests agree in identifying the same topology as the best one, use this as the one representing the most likely origin of the corresponding L. pneumophila gene. 
Nonvertical Inheritance in
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In order to estimate the relative contribution of recombination to the L. pneumophila nucleotide genetic diversity, we used several approaches. DnaSP estimates the recombination parameter (q) based on the variance of the average number of nucleotide differences between pairs of sequences (Hudson et al. 1987 ) and the estimate of the mutation rate according to Watterson (1975) . LDhat implements an estimate of the population recombination rate using the approximate likelihood method, which is based on coalescent theory. Finally, we applied a Bayesian procedure, implemented in the program ClonalFrame, which is based on the estimation of the fraction of an alignment that has not undergone recombination.
Both LDhat and ClonalFrame showed very similar estimates for the ratio between the population recombination rate (q) and the population mutation rate (h) (q/h 5 0.407 for LDhat and q/h 5 0.44À0.87 for ClonalFrame in the 95% credibility region). Contrarily, the DnaSP estimate of this ratio was much lower (q/h 5 0.1), although of same order of magnitude (see Discussion for possible causes). We also estimated the ratio of nucleotide changes as the result of recombination relative to point mutations using ClonalFrame, and this yielded an estimate for r/m 5 2.6-5.7 in the 95% credibility region. This means that it is approximately four times more likely that a site in this multiple alignment has changed by recombination than by mutation. A total of 103 recombination events of an average length of 305 bp and which introduced 755 substitutions were found using this method. The evolutionary tree reconstructed by ClonalFrame (supplementary fig. 2 , Supplementary Material online) was coincident with the ML tree shown in figure 1 , thus allowing the same mapping of recombination events.
The Syntenic Genome of L. pneumophila
The alignment of the four complete L. pneumophila genomes considered (strains Philadelphia, Lens, Paris, and Corby) revealed 38 syntenic regions spanning 2,920,612 bp (83% of an average Legionella genome). The analysis of these 38 blocks with RDP revealed 706 recombinant fragments that met the filtering criteria (see Material and Methods) with an average length of 1,431 bp (range 5 130-33,610 bp; median 5 769 bp). The most frequent fragment sizes were found in the 150-450 bp range, which is very similar to the mean recombinant fragment size (305 bp) derived in the population-based approach described above (see supplementary fig. 3 , Supplementary Material Haplotype P R V P R V P R V P R V P R V P R V P R V P R V P R V
Shading indicates that the same recombination event was detected by the corresponding methods. Numbers in the R columns denote different events in the same locus. All the events are mapped onto the phylogenetic tree shown in figure 1. Nonvertical Inheritance in Legionella pneumophila · doi:10.1093/molbev/msq278 MBE online, for the distribution of fragment sizes). The total length of the genome involved in recombination events according to this procedure was 1,010,086 bp, which represents 34.55% of the syntenic genome and involves 42.76% of the genes (1,172/2,741). Several hotspot regions for recombination were detected in the syntenic genome ( fig. 3) , and a sliding-window scan of genetic diversity in the syntenic genome revealed a moderate but significant positive correlation with the number of recombinant fragments in that window (Spearman's q 5 0.5598, P value , 0.001). We verified the existence of these hotspot regions by testing the number of events detected per fragment of size 4,136 bp against a Poisson distribution with one recombination event per fragment as a null hypothesis. The result was highly significant (chi-square 5 901.57, degrees of freedom [df] 5 4, P value 5 0, supplementary fig. 4 , Supplementary Material online), corroborating the existence of hotspot regions for recombination. We observed that several hotspot regions clustered contiguously in the syntenic genome. The two regions with the largest number of contiguous fragments with high numbers of recombination events (R1, 110 kbp, and R2, 50 kbp) are shown in figure  3 . A complete list of the genes included in regions R1 and R2 is provided as supplementary table S3, Supplementary Material online.
To compare the estimates of recombination in the four genomes with those from population-based data, we also applied ClonalFrame to the syntenic alignment of the four L. pneumophila strains. The analysis retrieved 1,703 recombination events with an average length of 220 bp and which were responsible for 49,136 nucleotide differences among the strains (fig. 4) . Using this approach, the proportion of the syntenic genome affected by recombination was found to be around 57%, which is larger than the fraction derived using the RDP approach (34.55%). This was an expected result because, under our criteria, the RDP approach to detect recombination events is more conservative than the Bayesian procedure. Nevertheless, both estimates show the relevance of recombination in shaping L. pneumophila diversity at the genome level in agreement with the values observed in the MLST approach. Similarly, the Bayesian estimate of the ratio of nucleotide changes as the result of recombination relative to point mutation (r/m) comprised between 0.280 and 0.313.
The L. pneumophila Pangenome and the Impact of HGT
The analysis of single-copy genes present in at least one of the four L. pneumophila genomes revealed the pangenome of this species to consist of 3,846 genes (supplementary . The core genome, the set of genes that are common to all the strains considered, comprised 2,418 genes (62% of the pangenome). Therefore, the so-called dispensable genome accounted for the remaining 38% of the pangenome (1,428 genes). Among these, 895 were present in only one strain thus indicating the importance of gene gains and losses in shaping the dispensable genome and showing that the rate of gain/ loss is larger at the tips of the tree (supplementary fig. 6 , Supplementary Material online).
The relevance of HGT in shaping the L. pneumophila pangenome was explored using phylogenetic tests. For this, we tried to include in the analyses the genome sequence of potential partners of L. pneumophila in horizontal transfers. It has been shown that Legionella can coexist with a range of taxonomically different species within several amoeba species. Our survey of the published research revealed more than 40 additional bacterial species found in the cytoplasm of amoebas (supplementary table S4, Supplementary Material online). We used a reference set of 37 bacterial genomes (Table 4) , which corresponded either to other intracellular parasites of amoebas (or their closest relative with a completely sequenced genome) or to representative species of other important bacterial families not included in the previous set. To test the phylogenetic origin of the L. pneumophila pangenome genes, we generated The reference tree mostly agreed with the accepted bacterial phylogeny with the exception of Mycoplasma pulmonis and Helicobacter pylori, which grouped unexpectedly together, although Mycoplasma belongs to the phylum Firmicutes. Consequently to avoid potential confounding effects, they were excluded from the phylogenetic origin analysis.
Using the reference phylogeny, we tested 12 possible evolutionary hypotheses for the 1,700 L. pneumophila genes that met our criteria for inclusion in this analysis (see Material and Methods and supplementary table S6 , Supplementary Material online, for details). These genes encode 599,459 amino acids in L. pneumophila, which were reduced to 434,355 sites after the multiple alignments were trimmed of poorly aligned positions with Gblocks. Ten hypotheses corresponded to assigning the origin of the Legionella gene to the main bacterial groups considered and the other two hypotheses corresponded to control phylogenies (one fully unresolved and another only resolved within classes). The unresolved phylogenies allowed us to test for the existence of enough phylogenetic signal for evolutionary inference in each gene of this data set, especially after the removal of ambiguously aligned positions using Gblocks with default parameters.
SH and ELW tests of the phylogenetic origins considered for each gene resulted in 182 (10.7%) phylogenies being best supported by one of the two control phylogenies in which the Legionella genes grouped with the GammaProteobacteria but without enough signal to resolve the relationships among the ten bacterial groups considered. Of the 1,518 informative genes, 814 (47.88% of the total) grouped with statistical significance with the GammaProteobacteria clade and 704 genes (46.3%) carried a phylogenetic signal from a non-Gamma-Proteobacteria group, therefore being likely involved in HGT events ( fig. 5) .
We used the average 16S rDNA nucleotide distance between the genomes from each particular group to the L. pneumophila strains as a surrogate of their evolutionary distance to estimate the correlation between the number of HGT events and the phylogenetic distance. This The number of genes orthologous to the set of 1,700 L. pneumophila genes considered in this study is shown for each genome. Nonvertical Inheritance in Legionella pneumophila · doi:10.1093/molbev/msq278 MBE resulted in a highly significant correlation (Spearman's q 5 À0.818, P value 5 0.0038) revealing a strong effect of phylogenetic distance on horizontal transfer (table 5  and fig. 5 ). Furthermore, when genes with a GammaProteobacteria phylogenetic origin were removed, thus leaving in the analysis only those genes likely involved in HGT events, the correlation was still significant (Spearman's q 5 À0.750, P value 5 0.0199) ( fig. 5 ). All the groups contributed similarly to this correlation (data not shown) except Firmicutes, which were involved in fewer HGT events than expected (Spearman's q 5 À0.881, P value 5 0.0039 after their removal). We compared the distribution of functional categories in the HGT-related genes detected with respect to those in the Legionella pangenome. The comparison was performed with genes assigned to only one functional category. This resulted in 557 putative HGT genes compared with 2,064 genes in the pangenome. The test for four major functional categories revealed significant differences (chi-square 5 10.87, df 5 3, P value 5 0.012). As expected, the metabolism category is overrepresented among HGT genes, whereas information-related genes are underrepresented (see supplementary table S6 and fig. 7 , Supplementary Material online).
Discussion
Evidence for a Nonclonal Population Structure of L. pneumophila from Natural Populations and Whole Genomes
The assumption that bacterial population structure is strictly clonal is based on the prevalence of mutation over recombination in shaping the extent and distribution of genetic variation (Levin 1981; Maynard Smith et al. 1993) . The clonal population model has been invalidated for many bacterial species (Feil et al. 1999) in which a nucleotide is several times more likely to change as a result of recombination, or gene conversion, than through mutation. The existence of a worldwide dominant clone among disease-causing L. pneumophila and the absence of evidence of intragenic recombination in its populations has lead to the conclusion that L. pneumophila is essentially clonal (Edwards et al. 2008 ) despite possessing molecular mechanisms for homologous and nonhomologous recombination (Mintz 1999; Stone and Kwaik 1999) and inhabiting an ecological niche generally associated with high levels of recombination. Our analysis demonstrates at two levels, that is, population genetic and genomic, not only that recombination is present in L. pneumophila but also that it has made and still makes major contributions to its genetic diversity.
The detection of a recombination event is influenced by several factors, such as the genetic diversity of the studied region, the time elapsed since the event took place, the sampling size, and the demographic history of the population(s) (Stephens 1986 ). So, disparities in the results derived from recombination estimates between the MLST and genomic approaches are probably explained by differences in sample size and genetic diversity and history between the two data sets. The isolates used in the MLST analysis were obtained in a geographically reduced area, although they encompass relatively large genetic variation compared with samples from European countries (Coscollá et al. 2006) , whereas the four strains whose genomes we have analyzed here were obtained in the United States, France (two strains), and the United Kingdom. More importantly, the fraction of the genome used in both analyses is remarkably different (3,923 and 2,920,612 bp for MLST and genome analysis, respectively). Also, the different methods (Bayesian and parametric) used in the analysis of these data have different assumptions making the complete congruence among them very unlikely (Martin and Beiko 2010) . Therefore, it is more appropriate to compare the results obtained for each data set with other similar analyses. Vos and Didelot (2009) reviewed the relative impact of recombination and point mutation on genetic variability in several MLST data sets of bacterial species using ClonalFrame. These analyses revealed a wide range of values for the ratio of the two rates that spanned three orders of magnitude, from 0.02 in Leptospira interrogans to 63 in Flavobacterium psychrophilum and Pelagibacter ubique (SAR 11). Estimates of the same ratio from MLST analysis in L. pneumophila in this study (r/m 5 2.6-5.7 and q/h 5 0.44-0.87) place this bacteria in a central position of the distribution, with similar values to those of Campylobacter insulaenigrae, M. hyopneumoniae, Haemophilus parasuis, C. jejuni, Halorubrum sp., Pseudomonas syringae, and P. viridiflava, most of them also commensal or opportunistic pathogens like L. pneumophila. The results obtained in this study also contrast with the value reported for this species (r/m 5 0.9) by Vos and Didelot (2009) , who used only 2 of the 19 loci analyzed in Coscollá and González-Candelas (2007) . The difference can be explained by the lower representation of the diversity in this L. pneumophila sample as only 2 loci and 12 sequence types were considered by Vos and Didelot. Perez-Losada et al. (2006) established three groups of bacteria according to their intragenic population mutation rates obtained with LDhat (McVean et al. 2002) . The first group, defined by q . 50, comprised H. pylori, Neisseria gonorrhoeae, N. meningitidis, and S. pneumoniae; the second one, with 15 , q , 50, corresponding to Bacillus cereus, H. influenzae, Streptococcus galactiae, and S. pyogenes; and finally, Burkholderia pseudomallei, Moraxella catarrhalis, Staphylococcus epidermidis, Vibrio vulnificus, C. jejuni, Enterococcus faecium, Escherichia coli, and St. aureus showed q , 15. The population mutation rate obtained in our study places L. pneumophila in this third group, with very low values of the intragenic recombination rate (q ffi 0.01). In consequence, with regard to recombination, L. pneumophila might present a population structure similar to that of E. coli because both species show high intergenic, even higher than bacteria such as St. aureus, but low intragenic recombination rates. Coscollá et al. · doi:10.1093/molbev/msq278 MBE There are few studies analyzing the contribution of recombination and mutation to genetic variation at the population genomic level. Touchon et al. (2009) have performed the so far most comprehensive of such an analysis with the core genome of 20 E. coli strains. Despite the widely held view of this as a clonal species, their results reveal a higher relevance of recombination (i.e., gene conversion) over mutation in changing the state at individual nucleotide sites. compared the genomes of four Salmonella enterica serovar Typhimurium using the same Bayesian approach that we have used here. Compared with their results, we have detected in L. pneumophila smaller clonal frames (220 vs. 800 bp) but more events (1,703 vs. 50 bp) than in Sa. enterica, but the overall contribution of recombination to the generation of genetic variation is similar in both species. The relative impact of recombination versus point mutation derived from the genome analysis of L. pneumophila (r/m 5 0.280 and 0.313) is lower than that for Clostidium difficile (0.63 and 1.13) based also on whole-genome sequences but in this case derived from 30 isolates (He et al. 2010) .
Our analysis of the clonal fraction in the syntenic genome of L. pneumophila has revealed that 34-57% of the genome has been involved in recombination events. These are not distributed evenly and several recombination hotspots were detected. Two regions seemed to accumulate more recombination events than any other. Among the genes involved in recombination events in the hotspot region R1, we detected many proteins related to the type 4A secretion system, which is used by Legionella to induce apoptosis of macrophages (Zink et al. 2002) . Most of the genes in the hotspot region R2 are annotated as hypothetical genes, but it is interesting that the one involved in more recombination events (lpg1945) is a substrate (and therefore a potential virulence factor) of the tatB system which, along with the sec system, allows the initial transport of proteins to the periplasm where the type II secretion machinery releases the protein out of the bacterial cell (Rossier and Cianciotto 2005) . It is tempting to speculate on a possible relationship between increased recombination and pathogenicity, but more detailed analyses are necessary to verify it.
Altogether, these results indicate that L. pneumophila is far from being a clonal species. Recombination among strains of this species is an ongoing process, and it has been operating also in the recent history of the species. This shift in our understanding of the basic population structure of bacterial species has been driven mainly by the increasing use of MLST data and, more recently, by the complete sequencing of genomes from strains and isolates of many species. Recent advances in sequencing technologies (Snyder et al. 2009; Metzker 2010) are anticipating even richer data sets for population genomics analyses (Harris et al. 2010; Holden et al. 2010) . When these become widely available, it will be possible not only to have a better picture of the population structure of bacterial species but also to reconcile discordant results between estimates based on a few loci and those from complete genome information.
The nonclonality of L. pneumophila has multiple consequences from a public health perspective. Typing of microorganisms is an essential tool to determine the strains responsible for outbreaks and sources of infection and also to evaluate the proportion of infections due to new strains and reinfections from the pre-existing ones (Foxman and Riley 2001) . The possibility that recombination eliminates differences among strains can have important consequences for public health interventions. Additionally, little is known about antibiotic resistance in Legionella but given that recombination has been associated to the spread of such traits and that even hyperrecombinant strains leading to drug resistance have been described for other bacteria (Hanage et al. 2009 ), the presence of important levels of recombination in L. pneumophila has to be taken into account to monitor possible drug-resistance emergence in this human pathogen. Antibiotic resistance genes usually spread in populations and among species through plasmids, and a recent analysis (Halary et al. 2010) has shown that these genetic elements have a major role in the recent exchange of DNA in Legionella, thus enabling the rapid spread in its populations of virulence-and antibiotic resistance-associated traits.
Phylogenetic Distance and Ecological Opportunity
HGT between species has been recognized as a major process in the evolution of Bacteria (Lawrence and Retchless 2009) , leading even to questioning the nature and concept of bacterial species (Bapteste et al. 2009 ). Now, it is possible to start disentangling the factors that have a relevant role in the distribution of successful HGT events (Ragan and Beiko 2009 ).
Phylogenetic distance is expected to have a major effect on HGT, as closely related species usually share genome architectures (Hendrickson and Lawrence 2006) and nucleotide composition (Lucchini et al. 2006 ). However, ecological factors may also have a major impact in shaping bacterial gene contents. For example, intracellular bacteria like some pathogens and endosymbionts seldom show evidence of recent HGT or recombination (Toft and Andersson 2010) .
Legionella pneumophila, with its dual lifestyle as a waterborne bacteria associated to biofilms and intracellular parasite of amoebas and as an opportunistic pathogen of humans (Fields et al. 2002) , probably has more chances of exchanging genetic material than obligate intracellular pathogens but less than free-living bacteria, including commensal and opportunistic parasites (Vos and Didelot 2009 ). The ability of Legionella to infect amoebas has surely played a key role in the successful gene exchange with other bacteria (Salah et al. 2009 ).
In order to prevent artifacts in phylogenetic inferences, which might lead to wrong conclusions, we have restricted our analyses to genes that have a strong phylogenetic signal. Even in this subset of the L. pneumophila pangenome, there is a substantial, but nor universal, support for the assignment of Legionella to the Gamma-Proteobacteria, where it occupies a basal position. This major signal Nonvertical Inheritance in Legionella pneumophila · doi:10.1093/molbev/msq278 MBE coexists in the genome with a substantial number of genes (around 41% among the 1,700 genes studied) with strong statistical evidence for having been involved in horizontal transfers with other phyla.
We have previously shown (Comas et al. 2006 ) that another Proteobacteria group, the Xanthomonadales, also presents a high level of genome mosaicism due to a high rate of gene exchange with other Proteobacteria species which makes practically impossible its assignment to any of the main Proteobacterial divisions. However, unlike Xanthomonadales, in Legionella, there is a main GammaProteobacterial phylogenetic signal, present in more than half of its genes, which justifies its inclusion in this class. Although HGT has played an important role in the evolution of Legionella, its Gamma-Proteobacterial nature is corroborated by several results. First, the phylogeny obtained after concatenation of the 104 common genes to all the genomes considered ( fig. 5 ) in which the grouping of Legionella within the Gamma-Proteobacteria is well supported by bootstrap analyses, and second, the majority of genes tested in the phylogenetic analysis had a Gamma-Proteobacteria origin (996 over 1,700 or almost 58.6%). This does not mean that HGT is restricted only to the remaining 41.4% because we have not tested the possible existence of HGT within the Gamma-Proteobacteria. Finally, the position of Legionellaceae in the 16S rDNA tree also corresponds to a basal group within Gamma-Proteobacteria. Still this Gamma-Proteobacteria signal is present in only 59% of the genes tested, corroborating the high degree of mosaicism observed in Legionella.
Our analysis of the phylogenetic origin of L. pneumophila genes has focused in bacterial taxa likely involved in transfer events with Legionella. Given that we have detected HGT events to/from all known bacterial groups present in amoebas and that other groups have reported extensive HGT among amoeba-associated bacteria (Chien et al. 2004; Ogata et al. 2006) as well as the presence of eukaryote-like genes in Legionella most likely of amoeba origin (Lurie-Weinberger et al. 2010; Schmitz-Esser et al. 2010) , we think that the most likely explanation for the multiple phylogenetic origins of a significant fraction of Legionella genes is the exchange of genetic material in the common amoeba host. Nevertheless, there are other alternative explanations for this observation such as horizontal gene exchange mediated by shared phages that allow to overcome geographic and phylogenetic barriers (Thomas and Nielsen 2005) or interchanges with bacteria in natural aquatic environments, where many of the groups considered in this analysis are also present (Tamames et al. 2010) . To discern between these alternatives, more detailed analyses using complete genomes of amoeba-associated and closely related but nonassociated species will be needed.
Our analyses have revealed a strong correlation between the number of detected HGT events and the evolutionary distance between Legionella and their partners. This correlation likely arises as a by-product of the many traits shared by common ancestry by closely related species, such as genome architecture (Hendrickson and Lawrence 2006) , the control of foreign DNA through methylation (Waldron and Lindsay 2006) , or the detection of abnormal GþC composition (Lucchini et al. 2006; Navarre et al. 2006) , which along with ecological opportunity play an important role in determining the likelihood of a successful HGT event.
Our results indicate that the coexistence in the cytoplasm of amoebas, and possibly also in biofilms, has provided ample opportunities for lateral gene transfer among the diverse array of bacterial species found in these habitats. This is also reflected in the presence, in the Legionella genome, of several genes of eukaryotic origin (Cazalet et al. 2004) , which likely provide an adaptive advantage for the intracellular parasitic life style of Legionella.
Among the genes detected to be involved in HGT, there is an overrepresentation of those involved in secondary metabolism, whereas those involved in information processes are underrepresented. This result corroborates observations in other bacteria (Nakamura et al. 2004; Beiko et al. 2005) for which exchanges between species are less likely when essential genes are involved. Nevertheless, this is only a trend, and the results reported here and in other analyses show that informational genes are frequently involved in HGT events (Sorek et al. 2007; Hao and Golding 2008) .
The consequences of the capacity of Legionella to incorporate foreign genetic material extend beyond the mosaic composition of its genome. It has been proposed that amoebas have provided a training ground for pathogenic species able to infect human macrophages by allowing them to incorporate eukaryotic genetic material into their genomes (Salah et al. 2009 ). This hypothesis is supported by the recent sequencing of an amoeba genome (SchmitzEsser et al. 2010) , and experiments with Mycobacterium avium that show how a particular pathogenicity island encodes for proteins involved in the invasion of both amoebas and macrophages (Danelishvili et al. 2007 ). Therefore, life in the interior of amoebas may have increased the capacity of Legionella, as well as that of other intracellular pathogens of human macrophages, for invading these cell types using similar mechanisms, which represents an extraordinary case of convergent evolution mediated by HGT among bacterial pathogens.
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